regularity.
Some amino acid residues, notably Ala, show relativelv smooth and favorable histributions along the helix but are rarer at the caps. Ala has visible but slight preferences for outside over inside and middle over ends. Several of the amino acid residues that form side-chain H bonds (Ser, Thr, and Gln) show a smoothly increasing occurrence for C3, C2, and C1 but drop abruptly at the C-cap.
Preferences are relativelv weak for the positions outside the caps, presumably because those residues have a variety of other roles and constraints. The charge asymmetry is essentially gone by then (Fig. 1,D 
and E).
There is a significant but weak preference for H bonding residues (up by 2 sigma) over hydrophobic residues (down by 2.5 sigma) in positions N", C', and C", while position N' somewhat prefers the hydrophobic~. The only individual preference in this region that is up by more than 3 standard deviations is for Thr in C". Most of those C" T h i s are on the solvent side of a p strand or at the beginning of the next a helix, but six of them show a specific interaction where they are in position 4 of a tight turn and both Oy and N H of the Thr are hydrogen-bonded to the carbony10 of residue C1.
It is interesting that a simple definition of helix ends in terms of Ca position gives stronger and more position-specific amino acid preferences than more precise definitions based on hydrogen bonding or 4, $ angles. Some of this effect may come from local errors in the less well-determined crystal structures, but in looking at the structures it is hard to avoid the conviction that many of the local irregularities represent late folding adjustments of the protein to its detailed environment in the final tertiary structure. Interactions important for secondarv-structure formationearlv in the folding process may persist only approximately in the native structure, as is also strongly suggested by the work of Presta and Rose (22) . Presumably the definition that correlates most strongly with amino acid sequence will be bkst for use in structure predictions.
It remains to be seen whether these individual position amino acid preferences can be integrated into an improv& helix prediction algorithm, and whether substitution of strongly preferred residues in appropriate positions can help to stabilize isolated helices or entire proteins.
Effect of Forskolin on Voltage-Gated K+ Channels Is Independent of Adenylate Cyclase Activation
Forskolin is commonly used to stimulate adenylate cyclase in the study of modulation of ion channels and other proteins by adenosine 3',5'-monophosphate (CAMP)-dependent second messenger systems. In addition to its action on adenylate cyclase, forskolin directly alters the gating of a single class of voltage-dependent potassium channels from a clonal pheochromocytoma (PC12) cell line. This alteration occurred in isolated cell-free patches independent of soluble cytoplasmic enzymes. The effect of forskolin was distinct from those of other agents that raise intracellular CAMP levels. The 1,9-dideoxy derivative of forskolin, which is unable to activate the cyclase, was also effective in altering the potassium channel activity. This direct action of forskolin can lead to misinterpretation of results in experiments in which forskolin is assumed to selectively activate adenylate cyclase.
N EURONAL EXCITABILITY CAN BE
modulated by phosphorylation of ion channel proteins by protein kinases that are activated by specific second messengers, such as CAMP (1) . Because of its high afinity for adenylate cyclase, forskolin (FSK) has been used to increase intracellular levels, leading to the presumed phosphorylation of ion channels by CAMPdependent protein kinases (1) (2) (3) (4) (5) (6) (7) (8) (9) . Recent reports, however, have suggested that some of the actions of FSK on ion channels and the glucose transporter may be inconsistent with a selective activation of adenylate cyclase and subsequent phosphorplation (9- cell-free patches. Under these conditions, any changes in the cAMP concentratio~i caused by the activity of the adenylate cyclase in a membrane patch should have been negligible. Furthermore, the concentrations of diffusible cytoplasmic enzymes, such as protein kinases, were also unlikely to be significant. A single class of K t channels, the K, channel, is the dominant channel contributing to the whole-cell K ' current in PC12 cells (15) . The channel opened rapidly on depolarization and generally exhibited bursting activity until it was repolarized (Fig. 3) . O n repolarization, the channel often remained open for a few milliseconds, resulting in single-channel "tail" openings. An ensemble average of many such traces shows that the probability of the channel being open declines very slowly during tlie voltage pulse (Fig. 3) . When FSK (120 pM) was applied directly to the extracellular face of the patches, it decreased tlie overall probability of the K, channel being open during a voltage pulse (Fig. 3) . It also decreased the mean open duration in a concentration-dependent manner (to approximately 115 as long at 120 pX), suggesting that FSK binds to a conductive conformati011 of the channel (16) . However, FSK did not noticeably change the amplitude of unitary channel openings. A comparison of the ensemble averages before and after applying FSK showed the peak probability of being open typically decreased by approximately 112 (Fig. 3) . With FSK present, the decline of the probability of the channel being open during depolarizing pulses was greatly accelerated, and openings near the end of the pulse were absent. Additionally, the tail openings were no longer observed on repolarization (-35 to -50 mV). However, K, channels could reopen in the presence of FSK after a few seconds of hyperpolarization (-70 to -100 mV), indicating that the effect was not an irreversible decrease in opening probability. Thc probability that a K, channel failed to open during a depolarizing pulse did not show a marked increase in the presence of FSK at pulse intervals of 6 s.
The observations of the single-channel activity agree well with those made on whole-cell Kt currents. These effkcts occurred in the absence of MgATP in the pipette and were readily reversible with washout of FSK, suggesting that phosphorylation was not involved. Additional experiments on cell-free patches support the conclusion that the action of FSK was not mediated by CAMP-dependent phosphorylation. Application of millimolar concentrations of cyclic nucleotides (8-bromc-CAMP, n = 6; 8-bromo-panosine 3',5'-monophosphate, n = 2) to inside-out patches containing K, channels had no effect. Bath application of FSK alone in the cell-attached configuration also had essentially no effect (n 4 3). In contrast, preliminary experiments indicated that applying PDEIs to the bath increased K, channel activity recorded in the cell-attached patches; this finding is consistent with the potentiation of current with PDEIs at lower voltages in whole-cell experiments (Fig. 1) . The results confirm that diffusible cytoplasmic agents are not involved in the FSK action on the K, channels.
When FSK was applied to the intracellular side of an inside-out patch, it did not alter K, channel activity within 5 min (n = 6). Thus, FSK must act preferentially from the extracellular side of tlie channel.
Other classes of voltage-dependent K '
-.
channels and voltage-dependent Na+ channels were not noticeably affected by FSK, except for a large conductance Ca2 ' -dependent K ' channel in which the probabilitv of opening appears to increase slightly, similar to an effect seen with cell-attached patches from cultured kidney cells (1 7). The effectiveness of FSK in altering the K, channel activity in cell-free patches, the ability of 1,9-dideoxy-FSK to duplicate the effect, and the inability of PDEIs to reproduce the effects of FSK on whole-cell K+ current argue that FSK acts independently through nicotinic acetylcholine receptors (AChR) in a manner similar to the effect of local anesthetics. Middleton et al. (9) have reported that FSK alters die activity of single AChR channels but only at high concentrations (100 pX) of FSK. Coombs and Thompson (12) and Watanabe and Gola (13) have also suggested that FSK directlv decreases K+ currents in molluskan neurons, although these effects were slow to develop and reverse (>30 rnin).
In addition to its effects on ion channels and adenylate cyclase, FSK has also been shown to bind to the glucose transporter and disrupt transport (14) . Although the underlying mechanisms of the effects of FSK on K+ channels, the glucose transporter, and the adenylate cyclase are probably different, the concentration of FSK needed to induce half-maximal effect is similar (1 to 20 pM). This value may be limited by the physical ability of the drug to bind to a hydrophobic site. It is possible that these membrane-bound proteins, in addition to nicotinic AChRs, have a bmding site for FSK at a membrane-protein interface.
The direct eEect of FSK on ion channels limits the usehl~iess of this drug in the study of the modulation of excitability and suggests that caution be applied 111 its use. Decreases in peak current and accelerated time course of decay of FSK-treated K t currents have been reported in a number of different cell types (4-6) where they have been attributed to phosphorylation. Our results suggest that tlie direct effect of FSK on K ' channels may be responsible in part for these previous results. Increases in action potential duration or amplitude that are induced by FSK are also consistent with direct actions on K ' channels (6-8). Experiments that do not directly control the membrane voltage, such as f l~mand binding assays on po~ulations of cells, are particularly m~lnerable to FSK-induced alterations of excitability that are independent of the cAMP cascade.
Note added in proofi Similar direct effects of FSK have been recently found on K ' channels of human T lymphocytes (19) . extent ctn the filter and sampling rates used to obtain the data. l'he infrequent opentngs of K, channels with FSK present prevented n reliable dctcrrnination of from the mean-blocked time. It is possible, however, to roughly estimate the kOff to be on the order of 1 s at dcpolarizxd voltages (for example, 1 2 0 mV) as the channels were not observed to reopen frequently in the presence of E'SK durtng 304-nls voltage pulses. 
W HEN NICOTINIC ACETYI,CHO-
linc receptors (AChR) arc exposed to cholinergic agonists, they shtmr a dcclinc in sensitivity (dcsensitization) that persists as long as the agonist is present (1, 2) . Although the physiological role of desensitization is uncertain, it might be involved in neural plasticity ( 3 ) or in protecting the neuromuscular junction from prolonged depolarization (4) . If dcsensitization is functionally significant, one might expect to find mociulatory mechanis~ils (such as phosphorylation) that could cause rclativcly long-lasting changes in the process. A modulatory role for receptor phosphorylation is suggested by clcctrophysiological studies in which desensitization in rat musclc is accelerated by forskolin (FSK) (4, 5) , an activator of adenylate cyclase (6) sti~ilulatcs phosphorylation of the S subunit of AChli in intact rat myotl~bes(7) or mousc myocytes (8) . The apparent fi~nction-a1 consequence of this phosphorylation is 18 . It is unlikely that a common contaminant of FSK and 1,')-didcoq-FSK is responsible for the effccts. suggested by flux measurcrnents from reconstituted 7hyedo AChR in which CAMPdependent phosphorylation of the 6 and y subunits results in faster desensitization (9) . We show herc that FSK modulates dcscnsitizat~on in intact musclc by a mechanism that does not involve activation of adenylatc cyclase or CAMP-dependent phosphorylation. Sustained application of 10 .4Ch to voltage-clamped rat myoballs evoked an inward current that peakcd in 0.2 to 0.4 s and then declincd (desensitized) (Fig. 1 ) with a time course described by the s u n of two exponcntials ( Fig. 2A and Table 1 ) (2, 9, 10). This ACh-induceci current was derived from openlngs of nlcot~nlc channels, since the currents wcre abollshcd by overnight ~ncubatlon with a-bungarotoxin (1 wg/ml) ( 11).Atler bath application of 20 @ . I (Table 1) or 50 pJ4 (Fig. 1) FSK for 3 min, ACh evoked an inward current that descnsitizcd much more rapidly than control cur- 
